The American pika (Ochotona princeps) is a small, winter-active mammal inhabiting alpine environments. For alpine mammals, metabolic heat production and cellular mechanisms to cope with hypoxia are critical for survival and reproduction. Thus, because of the pikas' long association with alpine environments, they may have genetically adapted to alpine conditions. Here, we present evidence for positive selection acting at 2 loci within the Ochotona genome. These loci were identified by first assembling a list of 50 candidate genes and collecting sequence data from 2 O. princeps draft genomes available from public databases. We then tested the possibility that positive selection acted on the Ochotona lineage, relative to other mammalian species, using the CODEML program in the PAML package. These analyses indicated positive selection at 4 loci-insulin-like growth factor 1 gene (IGF-1), enoyl-CoA hydratase/3-hydroxyacyl CoA dehydrogenase (EHHADH), inducible nitric oxide synthase 2 (NOS2), and transforming growth factor beta 1 gene (TGF-β1). To test this assumption further, we collected DNA sequence data from the 4 genes of interest from multiple O. princeps individuals across a broad geographic range, as well as individuals from the congeneric collared pika (O. collaris). We used multiple interspecific and intraspecific polymorphism-based tests to test the resulting sequence data for patterns of non-neutral evolution. These tests provide additional support for positive selection acting on the IGF-1 and EHHADH loci.
American pikas (Ochotona princeps; Order Lagomorpha) are non-hibernating alpine mammals primarily restricted to high-altitude distributions. They exhibit poor heat tolerance (MacArthur and Wang 1973; Smith 1974; Stafl and O'Connor 2015) and limited capacity for dispersal (Henry et al. 2012; Castillo et al. 2014; Robson et al. 2016) . Present-day populations occupy western North American mountain ranges-environments characterized by low mean annual temperature, short growing seasons, and hypoxia. American pikas appear to have a number of physiological adaptations to this niche, including an unusually high resting metabolic rate, low thermal conductance (MacArthur and Wang 1973; Otto et al. 2015) and elevated hemoglobin-oxygen (Hb-O 2 ) affinities (Tufts et al. 2015) . In addition, they show positive correlations between altitude and oxidative metabolic enzyme activities (for both heart and diaphragm tissues) and total lactate dehydrogenase (LDH) activity (Sheafor 2003). They also have unusual feeding patterns, including high selectivity when foraging, and notable caching behavior (Conner 1983; Huntly et al. 1986; Dearing 1997) . Given the physiological and behavioral evidence for adaptation of pika phenotypes toward greater specialization for a niche characterized by cold and hypoxia, these animals are an excellent system to use for detecting genetic changes associated with adaptation to these conditions. The specialized niche of pikas suggests that adaptive molecular evolution is acting on particular genes in Ochotona. To test this hypothesis, we identified potential molecular targets of selection, and subsequently tested genes that contribute to a particular phenotype in order to identify signals of positive selection. As most pika species inhabit either high altitudes or high-latitude regions and live in extreme climates, pikas reveal evidence for adaptation to cold or hypoxic conditions through an increase in non-shivering thermogenesis (Wang et al. 1999 (Wang et al. , 2006 Yang et al. 2008 Bai et al. 2015) , regulation of neuroendocrine function (Du and You 1992) , pulmonary circulation (Ge et al. 1998) , heart function (Qi et al. 2008) , regulation of gene expression (Chen et al. 2007; Li et al. 2009 Li et al. , 2013 Pichon et al. 2013; Xie et al. 2014) , and genetic adaptation (Ge et al. 2013; Luo et al. 2013) . From these studies, a number of genes have been identified as candidates for adaptation in pikas.
Evidence for adaptive molecular evolution can be revealed by identifying accelerated evolution within a lineage and in the functional evolution of specific proteins. However, this is complicated by the fact that a new mutation may spread through the population by either genetic drift or natural selection. Due to most genes being under functional constraints, purifying selection removes deleterious mutations and results in neutral evolutionary changes occurring more commonly at the molecular level (Kimura 1984; Nei 1987; Hartl and Clark 1997) . Thus, when comparing lineages, neutral nucleotide and amino acid substitutions are observed more frequently than changes to protein structure and function (King and Jukes 1969) . Nonetheless, if adaptive molecular evolution occurs when a particular mutation is driven to fixation due to its selective advantage, and if neutral genetic variability is maintained mainly by mutationdrift balance, then neutrality can be treated as the null expectation when examining the distribution of genetic polymorphisms within a population (Nei 1987 (Nei , 2013 Nei and Kumar 2000) . Accordingly, one may hypothesize that a given gene has been evolving neutrally and then test neutral predictions statistically using DNA sequence data. If we are able to reject the null hypothesis of neutrality, then this may indicate purifying, balancing, or positive selection acting on a particular locus. For this study, we used interspecific and intraspecific polymorphism-based tests to detect adaptive molecular evolution of candidate genes within the genome of the American pika. If natural selection led to increased rates of fixation of advantageous mutations in genes related to a particular environmental stress, then we should observe elevated rates of nonsynonymous substitutions in specific coding sequences in pikas relative to other mammals, as well as deviations from neutral expectations of among-population variation.
Materials and Methods
Through a literature search for putatively adaptive loci for Ochotona, we selected 50 genes for subsequent analysis (Supplementary Data SD1). We performed evolutionary sequence analyses for each of the 50 candidate genes separately using public data from 2 O. princeps draft genomes (OchPri3.0 GCA000292845 and OchPri2.0 GCA000164825). Full or partial sequences were obtained through either the UCSC genome browser database (http://genome.ucsc.edu/) or through the GenBank database (http://www.ncbi.nlm.nih.gov/genbank/). Pika sequences were aligned along with sequence data from taxa belonging to Order Lagomorpha (Oryctolagus cuniculus), Rodentia (Cavia porcellus, Mesocricetus auratus, Mus musculus, and Rattus norvegicus), Primates (Gorilla gorilla, Homo sapiens, and Macaca mulatta), and Artiodactyla (Bos taurus, Ovis aries, and Sus scrofa). Multiple alignments were performed using the MUSCLE (Edgar 2004 ) application of the software program MEGA6 (Tamura et al. 2013) . Multiple alignments were evaluated by eye and corrected manually (Supplementary Data SD2). Each alignment was then used to identify the appropriate nucleotide substitution model for each gene separately using the Akaike Information Criterion (AIC-Akaike 1981) available in jModelTest (Darriba et al. 2012) . Phylogenetic trees (Supplementary Data SD3) were constructed according to the maximum likelihood algorithm using GARLI 2.01 (Zwickl 2006) , and nodal support was assessed using 1,000 bootstrap replicates. Maximum likelihood trees were visualized using FigTree v1.3 (Rambaut 2007) .
Analysis of selection.-To analyze the possibility that a change in the selective constraint occurred along the Ochotona lineage, we measured variation in the ratio of the rate of nonsynonymous substitution per nonsynonymous site (d N ) to the rate of synonymous substitution per synonymous site (d S ) (Nei and Gojobori 1986) , using a maximum likelihood method (Goldman and Yang 1994) implemented in the CODEML program, v. 4.8 (Yang 2007) in the PAML package. We evaluated 2 codon substitution models: the branch-specific model (where d N /d S can vary over different branches in the phylogeny) and the branch-site models (where d N /d S can vary both among sites and across the branches of the phylogeny).
The branch-specific models allow one to investigate accelerated branch evolution in specific lineages. The null (1-ratio) model assumes the same d N /d S for all lineages while the alternative (2-ratio) assigns one d N /d S each to a specified branch (the "foreground" branch, the lineage of interest) and the other "background" branches. We implemented the 1-ratio model, where all branches in the tree had the same d N /d S calculated as the average for the whole gene over all branches in the phylogeny, and the 2-ratio model, involving an estimate of d N /d S for the branch subtending Ochotona sequences set as the foreground and a separate estimate of d N /d S for the remaining background branches. In this sense, comparing the 2-ratio versus 1-ratio model tests if the branch subtending Ochotona sequences is more likely to have a different d N /d S from the background branches.
The branch-site analyses allow one to infer variations in d N /d S in a proportion of codons between foreground and background branches (Yang and Nielsen 2002; Yang et al. 2005; Yang and Dos Reis 2011) . Under the null model (Model A-null) codon sites can be subjected to purifying selection (d N /d S < 1) or neutral evolution (d N /d S = 1), while in the alternative hypothesis (Model A) an extra class of codon sites can be subjected to positive selection (d N /d S > 1) in foreground branches. The branch subtending Ochotona sequences was set as the foreground; thus, comparing Model A versus Model A-null tests if the branch subtending Ochotona sequences is more likely to contain sites with d N /d S > 1. In addition, we used the Bayes Empirical Bayes approach to calculate the posterior probabilities of sites under positive selection (Yang et al. 2005) .
For each gene tree and codon model, CODEML computes the likelihood score, which can then be compared between models, using a likelihood ratio test (LRT), to determine which model 1158 JOURNAL OF MAMMALOGY (null versus alternative) is more likely (Yang 1998) . The LRT statistic was calculated as twice the difference in log likelihood (lnL) values between models. Significance was then determined using a chi-squared distribution (χ 2 ) with 1 degree of freedom. Sampling and laboratory procedures.-Based on the results of the CODEML analyses, we sequenced portions of the insulin-like growth factor 1 gene (IGF-1), enoyl-CoA hydratase/3-hydroxyacyl CoA dehydrogenase (EHHADH), inducible nitric oxide synthase 2 (NOS2), and transforming growth factor beta 1 gene (TGF-β1) in specimens of O. princeps and its sister species O. collaris. By collecting additional data for more individuals, we were able to further test for deviations from neutral expectations of the 4 genes deemed most significant following our initial screening. The specimens used to create these new data sets were drawn from collections that were described in earlier studies (Galbreath et al. 2009 (Galbreath et al. , 2010 . All capture and handling conformed to the guidelines established by the American Society of Mammalogists (Sikes et al. 2016 ). We chose a total of 30 individuals-5 each from the 5 O. princeps subspecies (Hafner and Smith 2010) (Fig. 1) .
Coding regions to be sequenced and primers for PCR amplification were identified using the OchPri3 (GCA000292845) genome assembly available from UCSC genome browser. Primers were designed using Primer3 software available from IDT website (http://www.idtdna.com/primerquest/home/ index). All PCRs were carried out in 25 µl reactions containing 1 µl DNA, 18.4 µl water, 2.5 µl buffer, 1.5 µl of 25 mM MgCl 2 , 0.5 µl of 10 mM dNTPs, 1 µl of 10 mM forward and reverse primer, and 0.1 µl of 5U/µl Taq polymerase. BullsEye Taq DNA polymerase was used for all PCRs (MIDSCI). The PCR conditions were the following: an initial denaturation at 94°C for 4 min followed by 35 cycles at 94°C for 30 s, annealing (locusspecific annealing temperatures are listed in Supplementary Data SD1) for 30 s, and extension at 72°C for 30 s followed by a final extension at 72°C for 7 min. PCR products were electrophoresed in a 1% agarose gel and visualized on a gel imager system. DNA was extracted from gels using a QIAquick Gel Extraction Kit according to the manufacturer's instructions (Qiagen, Valencia, California).
Sanger sequencing was performed by GeneWiz, Inc. (http:// www.genewiz.com/; North Brunswick, New Jersey) using PCR product normalized at 20 ng/µl for each sample. PCR products were sequenced in both the forward and reverse directions. Electropherograms showed low levels of heterogeneity, and separate allelic sequences were identified by eye for electropherograms showing signatures of heterozygous sites. Sequence screening was performed using Geneious v7.1 (Drummond et al. 2011 ) and multiple alignments were constructed via MUSCLE using MEGA6 and default parameters. New sequences have been deposited to GenBank (accession numbers: KX595141-KX595169; KX810706-KX810816).
Interspecific polymorphism.-We used coding sequence from each newly acquired Ochotona sequence data set to calculate interspecific divergence between homologs of ochotonids (O. princeps and O. collaris; KX595141-KX595169; KX810706-KX810816), European rabbits (Or. cuniculus; XM_008256719, XM_002716469, XM_017349094, XM_008249704), Norway rats (R. norvegicus; NM_001082479, NM_133606, NM_012611, NM_021578), guinea pigs (C. porcellus; XM_005006331, X85112, NM_001172984, NM_001173023), humans (H. sapiens; M29644, NM_001966, NM_000625, NM_000660), and cattle (B. taurus; NM_001077828, NM_001075780, NM_001076799, NM_001166068) by calculating d N /d S using the Nei-Gojobori method (Nei and Gojobori 1986) 
The consistency of sequence divergence and polymorphism between and within groups was then examined by comparing ochotonids (O. princeps and O. collaris) with non-ochotonids (Or. cuniculus, R. norvegicus, C. porcellus, H. sapiens, and B. taurus) . The following null hypothesis-n F /s F = n P /s P -was tested by performing the McDonald-Kreitman (1991) test, where n F is nonsynonymous fixed sites, s F is synonymous fixed sites, n P is nonsynonymous polymorphic sites, and s P is synonymous polymorphic sites. We used the program DnaSP v5 (Librado and Rozas 2009 ) to perform McDonald-Kreitman tests on our data, and report the G-test of independence (with the Williams correction for continuity) P-value. The consistency of amino acid substitution between ochotonids and Or. cuniculus was tested, considering 1 sequence each from the inferred ancestral ochotonid sequence (A), an Or. cuniculus sequence (B), and an outgroup sequence (C) represented by the inferred ancestral Boreoeutherian sequence. Under the molecular clock hypothesis, it is expected that the number of unique differences in sequence A (m 1 ) is equal to the number of unique differences in sequence B (m 2 ) regardless of the substitution model and whether or not the substitution rate varies with site (Nei and Kumar 2000) . Therefore, we used Tajima's (Tajima 1993 ) relative rate test implemented in MEGA6 to test the null hypothesis that m 1 = m 2 , which is tested by using the following chi-squared statistic with 1 degree of freedom:
. Ancestral sequences were estimated using a maximum likelihood method to infer the ancestral state for each amino acid site represented by the internal-ancestral node in MEGA6. A single sequence from 9-banded armadillos (Dasypus novemcinctus, Order Cingulata; XM_004446809, XM_004473734, XM_012519977, XM_004479915) was used to root each tree (Supplementary Data SD4). For each amino acid alignment, the JTT+G model was used to reconstruct ancestral sequences, based on the AIC available in MEGA6.
Intraspecific polymorphism.-We calculated intraspecific diversity statistics for both O. princeps and O. collaris using MEGA6, including the number of segregating sites (S), proportion of segregating sites (p s = S/no. sites), theta (θ = p s /1 + 2 −1 + … (no. sequences − 1) −1 ), and nucleotide diversity (π = mean no. pairwise diff/no. sites). Population genetic data of O. princeps were then used to perform intraspecific polymorphism-based tests by first employing the Ewens-Watterson test (Ewens 1972; Watterson 1977 Watterson , 1978 , which compares observed homozygosity for each locus with the theoretical homozygosity predicted by neutral expectations. This test is based on the infinite-allele model, and is therefore applicable to protein polymorphisms (Nielsen 2001) , so alleles were called by considering only nonsynonymous substitutions. Following (Watterson 1977 (Watterson , 1978 observed homozygosity was calculated by F = ∑ n i 2 /n 2 , where n is the sample size and n i are the numbers of representatives of those alleles in the sample. Observed homozygosity was then compared to the expected homozygosity estimated using Arlequin v3.5 (Excoffier and Lischer 2010b) . A null distribution of expected values was generated by simulating 10,000 random neutral samples using the same number of individuals sampled and number of alleles observed. The probability of observing random samples with F-values identical or smaller than the original sample is reported.
Lastly, we performed intraspecific polymorphism tests on both full (coding and noncoding sequence data) and coding data sets using the Tajima's D (Tajima 1989 ) and Fu's Fs (Fu 1997) statistical tests for selective neutrality, which are based on the infinite-site model, and appropriate for short DNA sequences (Excoffier and Lischer 2010a , and k is the average number of nucleotide differences between pairs of sequences. Therefore, by testing the difference between S/a 1 and k, we may be able to detect the presence of deleterious mutations or balancing selection. Fu's Fs statistic determines the probability of observing i alleles from n samples given k (see Ewens 1972: equations 19-21) . This probability is denoted by Strobeck's S′ statistic (Strobeck 1987), which approximates if there are a greater number of alleles than predicted by neutral theory, where the expected number of alleles is ∑ k/(k + j − 1) (index of summation j = 1 and upper limit of summation = n-Ewens 1972; Neuhauser et al. 2003) . The Fs statistic = ln(S′/(1 − S′)), and is interpreted as significant when P < 0.02 (Nei and Kumar 2000) . Significance of both Tajima's D and Fu's Fs is determined by computer simulation in which a set of allele sequences is generated for an idealized neutrally evolving panmictic population according to the coalescent theory (Kingman 1982; Hudson 1983; Tajima 1983) . We used Arlequin v3.5 for both tests of selective neutrality, running 10,000 coalescent simulations to assess significance.
results
Of the 50 candidate genes (Supplementary Data SD5), 2 showed a significantly elevated rate of evolution for both the branch-specific model and branch-site model-insulin-like growth factor 1 (IGF-1) and enoyl-CoA hydratase/3-hydroxyacyl CoA dehydrogenase (EHHADH). Two additional genes showed a significantly elevated rate of evolution for only the branch-site model-inducible nitric oxide synthase 2 (NOS2) and transforming growth factor beta 1 (TGF-β1).
IGF-1.-In the branch-specific likelihood analysis, the LRT statistic for the comparison of the 1-ratio (null) model versus the 2-ratio model was 4.1142 (P = 0.04). Therefore, the d N /d S for the branch subtending Ochotona sequences (0.1945) was significantly greater from that for all other branches (0.0614). In branch-site likelihood analysis, the LRT statistic of comparison of Model A-null versus Model A was 4.9031 (P = 0.03), indicating that a small proportion of sites in the branch subtending Ochotona sequences have experienced positive selection. Bayes Empirical Bayes analysis identified 6 positive sites (29, 49, 77, 87, 114, and 145) , including 1 site (29) with P > 0.99 (Table 1 ; Supplementary Data SD6).
EHHADH.-In the branch-specific likelihood analysis, the LRT statistic for the comparison of the 1-ratio (null) model versus the 2-ratio model was 8.8188 (P = 0.003). Therefore, the d N /d S for the branch subtending Ochotona sequences (0.4363) was significantly greater from that for all other branches (0.2690). In branch-site likelihood analysis, the LRT statistic of comparison of Model A-null versus Model A was 5.0252 (P = 0.02), indicating that a small proportion of sites in the branch subtending Ochotona sequences have experienced positive selection. Bayes Empirical Bayes analysis identified 15 positive sites (50, 77, 185, 315, 325, 348, 361, 408, 435, 525, 584, 590, 608, 631, and 655; , and TGF-β1 alignment and tree topology. Foreground refers to the foreground branch of interest and background refers to all other branches in the phylogeny. Site class refers to the (0) proportion of sites that are under purifying selection on both foreground and background branches, (1) proportion of sites that are under neutral evolution on both foreground and background branches, (2a) proportion of sites that are under positive selection on the foreground branches and under purifying selection on background branches, and (2b) proportion of sites that are under positive selection on the foreground branch and under neutral evolution on background branches. (Table 3) . We compared mean values from corresponding data sets using a Student's t-test with a 2-tailed distribution and assuming unequal variance. The difference in IGF-1 mean values was significant (P = 4.9 × 10 −7 ), as was the observed difference in EHHADH mean values (P = 0.01). Conversely, the difference in NOS2 mean values was not significant (P = 0.20) nor was the difference in TGF-β1 mean values (P = 0.13). When considering the ratio of nonsynonymous to synonymous fixed substitutions to the ratio of nonsynonymous to synonymous polymorphisms (n F /s F :n P /s P ), we obtained, for IGF-1 and EHHADH, ratios of 1.5:0.1714 (P = 0.004) and 0.9545:0.4974 (P = 0.05), respectively. Conversely, for NOS2 and TGF-β1, we obtained nonsignificant ratios of 0.3571:0.6190 (P = 0.31) and 0.35:0.3238 (P = 0.87), respectively (Table 3 ). The chi-squared test statistics for Tajima's relative rate test are as follows: (5 − 0) 2 /(5 + 0) = 5 for IGF-1, (34 − 10) 2 /(34 + 10) = 13.09 for EHHADH, (8 − 8) 2 /(8 + 8) = 0.00 for NOS2, and (11 − 2) 2 /(11 + 2) = 6.23 for TGF-β1 (Table 3) . With 1 degree of freedom, a chi-squared value of 3.84 equates to the 5% significance level, and we therefore reject the null hypothesis of equal rates between Ochotona and Or. cuniculus for the IGF-1, EHHADH, and TGF-β1 amino acid alignments.
When considering the primary protein structure for each locus, there is a single IGF-1 allele, 5 EHHADH alleles, 10 NOS2 alleles, and 4 TGF-β1 alleles. For EHHADH, and TGF-β1, homozygosity is greater than expected, whereas for NOS2, it is lower than expected (Table 3) . Based on computer simulations, the probability of observing random samples with F ≤ observed F is 0.9222, 0.0842, and 0.9335 for EHHADH, NOS2, and TGF-β1, respectively. This probability is not a P-value, but results could be considered significant if the probability is > 0.95 or < 0.05 (Excoffier and Lischer 2010a) . Because there is only a single IGF-1 allele, we are unable to calculate an expected F-value.
We performed the Tajima's D and Fu's Fs tests for both full (coding and noncoding sequence data) and coding data sets. For IGF-1, the full data set shows significantly negative values for both D and Fs, whereas EHHADH coding data set shows significantly negative values for both D and Fs as well as a significantly negative value for the full data set. Nonsignificant D and Fs values are noted for both NOS2 data sets and the TGF-β1 Table 2 .-Intraspecific diversity statistics, including the number of alleles and segregating sites (S), proportion of segregating sites (p s ), genetic variation estimated from S (θ), and the average number of pairwise differences (π). full data set. However, a significantly negative Fs value is noted for the TGF-β1 coding data set (Table 4 ).
Ochotona princeps

discussion
Pikas have been shown to exhibit physiological characteristics that may reflect underlying genetic adaptations for survival in hypoxic environments. For example, various lines of evidence suggest that insulin-like growth factor 1 (IGF-1) has a role in the hypoxia response of hepatocytes in pikas. That is, in a series of physiological studies using O. curzoniae as a model of hypoxia tolerance, it was reported that simulated hypoxia corresponding to an elevation of 5,000 m did not alter the structure and function of O. curzoniae hepatocytes, whereas in Norway rats, house mice, and guinea pigs, there was extensive hepatic cell damage via cytolysis (Du et al. 1984; Li et al. 1986 ). It was then hypothesized that the observed cytolysis was due to the loss of lysosomal membrane integrity and subsequent enzyme activity but that, in O. curzoniae, IGF-1 acted to protect cell structure (Chen et al. 2007 ). In a follow-up study, several animal species received injections of cobalt (II) chloride (CoCl 2 ), which induces endogenous hypoxia, and hepatic IGF-1, its receptor (IGF-IR), and binding protein (IGFBP1) mRNA and protein expression were measured (Chen et al. 2007 ). Significant increases in IGFBP1 mRNA and protein expression were recorded in O. curzoniae at 6 h post-injection and maintained up to 12 h compared with controls. Because IGFBPs regulate the bioavailability of IGF-1 (Kelley et al. 1996; Duan and Xu 2005) , these data support the hypothesis that IGF-1 has a role in the hypoxia response of hepatocytes in pikas. In addition to secreted proteins like IGFs, key enzymes involved in energy metabolism pathways seem to be critical components of the response to hypoxia in pikas. For instance, metabolic enzyme activity of 3-hydroxyacyl CoA dehydrogenase was shown to have a positive relationship with altitude in cardiac tissue for 3 species of pika (O. princeps, O. collaris, and O. hyperborea) , and activity in the cardiac and diaphragm tissue of the high-elevation American pika was significantly greater than that of its lowland sister species, the collared pika (Sheafor 2003) . Several genes encode proteins with 3-hydroxyacyl CoA dehydrogenase activity, including EHHADH, and measures of 3-hydroxyacyl CoA dehydrogenase activity are often used to indicate relative fatty acid oxidation capacity (Wakil et al. 1954) . Hence, given the positive relationship between activity and altitude within pika species, Sheafor (2003) hypothesized that increased 3-hydroxyacyl CoA dehydrogenase activity in heart and diaphragm muscles could enhance oxygen utilization in low-oxygen environments. Our molecular evolutionary analyses support the hypotheses of adaptive molecular evolution of IGF-1 and EHHADH in pikas. That is, our examination of interspecific and intraspecific genetic variation of both the IGF-1 and EHHADH loci suggests a pattern consistent with positive selection that could not be explained by neutral evolution.
Another study using O. curzoniae as a model reported that this species displayed reduced pulmonary vasoconstriction when compared to Norway rats after both species were exposed to hypoxia in a hypobaric chamber (Ge et al. 1998 ). This was apparent in structural differences that had accrued in the pulmonary capillary beds of the 2 species. The researchers then tested if these structural differences were due, in part, to differences in the expression of growth factors, specifically, TGF-β1, a mediator of vascular remodeling (Pepper 1997) . A histological analysis showed that TGF-β1 was present in high amounts in the lungs of rats but not in pikas, suggesting that the structural differences between the 2 species may be associated with the secretion of TGF-β1. However, the mechanism for TGF-β1 inhibition in pikas remained unknown. It was then suggested that an instance of positive selection acting on pikas' T-complex testis-expressed protein 1 domain containing 4 (TCTEX1D4), which inhibits TGF-β1 signaling, has led to stronger inhibition of TGF-β1 in pikas (Korrodi-Gregório et al. 2013) . However, although this protein is undoubtedly of great functional importance to pikas, we observed only weak evidence of non-neutrality and suggest that there is currently insufficient evidence to propose adaptive molecular evolution having occurred at the TGF-β1 locus. Additional differences between high-elevation pikas and lowland taxa have also been reported for nitric oxide synthase (NOS) genes, which produce nitric oxide (NO) from L-arginine. In sea-level mammals, NO is a vasodilator and plays a role in preventing pulmonary hypertension due to hypoxia (Frostell et al. 1991; Pepke-Zaba et al. 1991) , as well as facilitating acclimatization to hypoxia via the ventilator response (Haxhiu et al. 1995) . Chronic hypoxia thus induces NOS mRNA expression and enhances NO production (Le Cras et al. 1996; Palmer et al. 1998) . When the role of neuronal nitric oxide synthase (NOS1) was assessed in O. curzoniae, NOS1 levels seemed to have a significant effect on ventilation via tidal volume (Pichon et al. 2009) . That is, with increasing NOS1 concentration, ventilation was actually limited through a decrease in tidal volume. This effect was only noted during acute hypoxia, which led the authors to hypothesize that limiting ventilation during severe and sudden hypoxia perhaps represents one way in which pikas have optimized their ventilation pattern for life at high elevation (Pichon et al. 2009 ). In another study investigating whether inducible nitric oxide synthase (NOS2) expression and NO production are regulated by chronic hypoxia in O. curzoniae, NOS2 mRNA and protein levels in lung tissues of high-elevation pikas were significantly decreased when compared to lowelevation pikas (Xie et al. 2014) . Increasing altitude (hypoxia) was correlated with decreased expression of NOS2 in lungs as well as diminished NO plasma levels when compared to lowland conspecifics. Although the mechanism is unknown, the authors concluded that suppression of NOS2 and lower NO levels at high elevation may facilitate the plateau pikas' survival in hypoxic environments (Xie et al. 2014) . Finally, in a comparison study between the draft genomes of Tibetan antelope and American pika, Ge et al. (2013) identified 7 genes that showed statistical evidence of convergent adaptive molecular evolution, one of which was endothelial nitric oxide synthase (NOS3).
Although several studies had identified NOS genes as potential targets of selection in Ochotona, our results provide only weak support for this idea. The observation of decreased homozygosity in NOS2 hints at a higher-than-expected amount of nonsynonymous polymorphism in NOS2, a pattern that could be produced by balancing selection. However, additional evidence of non-neutral evolution for the NOS2 locus is weak, and the geographic distribution of protein alleles generally follows the structure of American pika subspecies. Therefore, it may be more likely that mutation and genetic drift has led to the genetic structure observed at the NOS2 locus.
Conversely, we show stronger evidence for amino acid changes in the IGF-1 and EHHADH genes undergoing fixation along the Ochotona branch of the mammalian tree at an increased rate. If positive selection was involved in shaping the current patterns of diversity observed at IGF-1 and EHHADH, then this suggests a physiologically innovative function. Insulin-like growth factor 1 is synthesized primarily in the liver and may either enter the bloodstream from the liver or act locally as an autocrine or paracrine (Tortora and Derrickson 2008) . It participates in growth and functions in almost every organ in the body by increasing uptake of amino acids into cells, or decreasing the breakdown of proteins and the use of amino acids for energy (Baker et al. 1993; Schmid 1995; Dunaiski et al. 1997 ). Due to these effects, IGF-1 helps maintain the mass of muscles and bones and promotes tissue repair (Wang et al. 2000; Guan et al. 2003) . IGF-1 also enhances lipolysis, thereby increasing the use of fatty acids for energy production. In addition to affecting protein and lipid metabolism, IGF-1 may also influence carbohydrate metabolism by diverting glucose to neurons during glucose shortages. However, IGF-I primarily functions as a regulator of growth, whereas insulin is much more influential to metabolic regulation (Tortora and Derrickson 2008) .
The functions of IGF-1 are facilitated by a receptor IGF-IR (Rubin and Baserga 1995) , and the IGF-1-receptor complex interaction on target cells is mediated by IGF binding proteins (IGFBPs-Rechler 1993; Schmid 1995) . Thus, a parsimonious hypothesis is that the primary (and perhaps higher order) structure of pika IGF-1 has experienced evolutionary changes that have led to an increased specificity or affinity for either its receptor or binding proteins, thereby influencing its bioavailability. Indeed, Chen et al. (2007) presented evidence that increased IGF-1 bioavailability, through the upregulation of hepatic IGFBP-1, may be an adaptive strategy in pikas in response to hypoxia-induced hepatocyte damage.
A physiologically innovative function for the EHHADH protein is likely related to its lipid-based metabolic function. This protein is a bifunctional enzyme, and the function likely most important in the unusual physiology of pikas is the activity of 3-hydroxyacyl-CoA dehydrogenase, which is indicative of lipid-based metabolic potential (Wakil et al. 1954; Pette and Dölken 1975; Simi et al. 1991) . Part of lipid catabolism involves the process of disassembling fatty acids into 2-carbon subunits, which takes place by a sequence of 4 reactions called beta oxidation, in the third step of which 3-hydroxyacyl-CoA dehydrogenase catalyzes the conversion of a hydroxyl group into a keto group (McGuire and Beerman 2012) . In mammals, beta oxidation occurs in both mitochondria and peroxisomes (Poirier et al. 2006 ), but although these 2 organelles share similar enzymatic reactions and metabolic pathways, the physiological functions of these beta oxidations are not the same (Le Borgne and Demarquoy 2012).
The peroxisomal bifunctional enzyme enoyl-CoA hydratase-3-hydroxyacyl CoA dehydrogenase (EHHADH) is a protein known to have 3-hydroxyacyl-CoA dehydrogenase activity. Peroxisome beta oxidation specifically catabolizes long-chain fatty acids and branched fatty acids that are too large to be handled by the mitochondria. The function of peroxisome metabolism is associated with detoxification and biosynthesis, but some products of peroxisome beta oxidation do end up in the mitochondria and contribute to energy production, although the extent of this connection is not yet fully understood (Le Borgne and Demarquoy 2012). However, whereas in the mitochondria high-energy electrons are sent to the electron transport chain, in peroxisomes they are transferred to O 2 , generating H 2 O 2 , which is broken down by catalase to produce H 2 O, O 2 , and heat (Aebi 1984) . The pressure for pikas to maintain an unusually high body temperature (40.1°C) in a continuously hypoxic environment may have led to adaptive changes in EHHADH. If pikas use a strong reliance on lipid-based metabolism to help maintain physiological homeostasis, then adaptive changes in EHHADH could be an important part of their adaptation to hypoxic environments.
We show evidence for positive selection acting at the NOS2, TGF-β1, IGF-1, and EHHADH loci of Ochotona, with stronger evidence for selection at the latter 2 loci. We suggest that additional investigation of the biological mechanisms of natural selection at the IGF-1 and EHHADH loci may yield further insights into the mode and tempo of adaptive evolution. For example, further investigating the biological mechanism of natural selection among different individuals or reconstruction of ancestral nucleotide sequences and associated protein sequences could provide insight into protein functions in ancestral and extant Ochotona lineages. Such methodologies have been used to understand the functional evolution of Ochotona leptin in relation to adaptive thermogenesis (Yang et al. 2008 as well as estimating the structural and functional effects of mutational pathways of Ochotona hemoglobin adaptation (Tufts et al. 2015) . Thus, persistence by pikas in alpine environments appears to have been facilitated by adaptive evolution at loci associated with a range of environmental stressors.
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